Currently employed modelling techniques used in the analysis of reinforced concrete plate and shell structures are assessed.
Introduction
Certainly the most useful background reference for finite element modelling of reinforced concrete is the ASCE Task Committee Report [6].
This publication represents the state-of-the-art through 1982.
A recent review article on the finite element analysis of reinforced concrete shell structures describes the current state-of-the-art (Ramm [19] ). A main issue seems to be the competition between classical elastic buckling effects and strength, or material modelling, effects. Most reinforced concrete shells in service are very thin compared with structures of interest to NCEL.
Thus some issues of interest to the reinforced-concrete shell community are not germane. The relatively thick slab-like magazine structures, with important three-dimensional built-up sections (e.g., around columns), of interest to NCEL make elastic buckling theory largely irrelevant. Issues of material modelling thus become of prime interest as do large-deformation factors due to the intensity of design loadings and concern with ultimate strength. Most currently employed procedures use typical assumptions in the development of shell elements and there seems to be a preference for "degenerated," or continuum-based, shell elements. Plane stress constitutive algorithms are emphasized (see, e.g., Ramm [19, 201) and variants of the Kupfer bi-axial failure envelope [16] are typically used. In compression and tension, failure mechanisms of crushing and cracking, respectively, are assumed.
Both involve strain-softening which is perhaps the most important, delicate, and controversial aspect of concrete modelling. Softening due to cracking is often referred to as tension stiffening. 
where Gf = Fracture energy release rate.
From (2), E ES (h)
3)
where 1 G2 E c denotes a characteristic scale associated with the fhelf damaged region. Elements with large aspect ratios clearly necessitate h being defined 
Where 'r = 4 Ee 2 and h is the damage evolution function. (A more detailed description of theories such as this may be found in [15] .)
Taking the time derivative of (6) and employing (7) yields
The expression in brackets is the tangent modulus during damage loading. At this point h is not specified. It may be determined so that the softening branch of the stress-strain diagram is reproduced as before, viz.,
(1-d)E-_(EE)2 =Es(h) -E (9)
Thus
When a combination of damage mechanisms is employed in a theory, such as in an elastoplastic damage theory [15] , it is not so clear how to perform the necessary modifications to desensitize mesh dependency.
The ad hoc procedure of introducing the mesh parameter h into constitutive equations thus does not seem satisfactory in more complex situations.
6. Softening branches of stress-strain diagrams are frequently modelled with more complex functions (e.g., exponentials, see Cervera et al. 
Solution Algorithms
Due to turning-point phenomena in solutions of quasi-static reinforced-concrete problems, it is necessary to employ "arc-length" strategies.
(These are referred to as "continuation methods" in the mathematics literature.) Crisfield has been a leader in the development and application of these methods to reinforced-concrete structures. Representative papers are [9] [10] [11] [12] . Any computer program for the analysis of reinforced-concrete structures should be equipped with algorithms of this type. Unfortunately, even the best procedures encounter difficulties when faced with severe bifurcation and unloading phenomena primarily brought about by softening mechanisms present in reinforced-concrete constitutive models.
Most applications of current interest to NCEL involve dynamic phenomena (e.g., magazines subjected to blast wave loading). Thus state-ofthe-art implicit and explicit techniques are required. In addition, due to the complexity of reinforced-concrete behavior, automatic control of time-step size and nonlinear solution strategy within each step, etc., should be included in a computer program. It is felt that a much greater degree of algorithmic automation than present in existing techniques (see, e.g., Cervera et al. [7, 8] )
will be desired and, in fact, required for the reliable and efficient solution of problems anticipated. Complex reinforcing patterns in engineering structures have been modelled by either distributed and/or embedded equivalent reinforcing elements.
Reinforcement
Perfect bond is typically assumed. This important aspect of the overall failure strength thus is neglected by state-of-the-art approaches and thus must be considered a serious deficiency of current capabilities in modelling largedeformation failure. There presently does not seem any obvious and rational way of accounting for mechanisms of this type while retaining the computational simplicity of the distributed/imbedded approach.
Invariance
The lack of invariance of the incremental orthotropic tangent moduli approach precludes its use in a complex, dynamic loading environment. 2. Mesh-dependent softening moduli designed to desensitize model response to degree of mesh refinement is an expedient methodology, but one lacking a satisfactory fundamental basis. It is also not dear how to use ideas of this kind when more complex models are utilized (e.g. elastoplastic damage). An investigation into a more fundamental method of developing well-posed models is called for. In the meantime, meshdependent softening moduli may be employed, but it should not be lost sight of that it is an ad hoc technology.
3.
Damage mechanics should be used as a framework for constitutive theory development so that invariant models may be designed to replace in-place noninvariant models based on incremental orthotropic elastic moduli.
-wI- 6. Automated arc-length and time-step selection strategies will need to be developed in order to efficiently obtain solutions to reinforced-concrete structural problems. Implicit, unconditionally stable constitutive algorithms should be developed to circumvent sub-incremental stress point stability limitations.
I.
15
The modelling of reinforced-concrete structures under severe dynamic loading represents a formidable challenge. Many of the key aspects of reinforced concrete are poorly understood, as evidenced by the numerous shortcomings noted in contemporary models. Clearly, one needs to adopt a pragmatic attitude and develop capabilities as best one can in the present and immediate future. Such capabilities will represent a valuable tool for analysis and design of critical structures. At the same time one must not be deceived by the existence of impressive numerical capabilities built upon a foundation lacking in fundamental physical and mathematical understanding. For the foreseeable future, reinforced-concrete modelling capabilities will need to be exercised with extreme care, caution and insight to prevent naive and erroneous engineering judgements from being made. Pragmatic and fundamental research will need to proceed side by side for significant progress to be made.
